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The pathogenicity of islet-infiltrating lymphocytes in the 
non-obese diabetic (NOD) mouse 

V. ABLAMUNITS. D. ELIAS & I. R. COHEN Department of Immunology, the Weizmann Institute of Science. Rehovot, Israel 

(Accepted for publication 22 October 1 998 1 

SUMMARY 

The aim of Ihe present study was to investigate the pathogenic properties of islet-infiltrating 
lymphocytes related to the severity of the autoimmune destruction of islet j8-cells in the NOD 
mouse. We analysed the development of insulin-dependent diabetes mellitus (IDDM) produced by 
adoptive transfer of islet lymphocytes from NOD into NOD..vnrf mice. Here we show that the transfer 
was most effective when both CD4 4 and CD8 + T cells were present in the infiltrate, but CD4 *" T cells 
alone were sufficient to cause the disease. Islet lymphocytes from both females and males transferred 
diabetes effectively, but the severity of IDDM was higher when female islet lymphocytes were used. 
Unexpectedly, the sensitivity of male islets to 0-celJ damage was greater than thai of female islets. 
. Treatment of NOD females with a peptide of heat shock protein (hsp)60. p277, known to protect NOD 
mice from IDDM, reduced the pathogenicity of the islet lymphocytes. In contrast, administration of 
cyclophosphamide to males, a treatment thai accelerates the disease, rendered the islet lymphocytes 
more pathogenic. More severe disease in the recipient NOD ..«*«/ mice was associated with more 
interferon-gamma (IFN-7)-secrcting islet T cells of the NOD donor. The disease induced by islet 
lymphocytes was strongly inhibited by co-transfer of spleen cells from prediabetic mice, emphasizing 
the regulatory role of peripheral lymphocytes. Thus, the cellular characteristics of the islet infiltrate and 
the pathogenicity of the cells are subject to complex regulation. 

Keywords insulitis cytokines adoptive transfer therapy 



INTRODUCTION 

NOD mice spontaneously develop insulin-dependent diabetes 
mellitus (TDDM) due to the accumulation of mononuclear leuco- 
cytes in their pancreatic islets, insulitis, and the subsequent 
destruction of the insulin-secreting /?-cells fl|. The NOD mouse 
disease shares many features with human type 1 diabetes mellitus, 
an autoimmune disease mediated by T cells: in both humans and 
NOD mice, antibody and T cell responses to several autoantigens 
are found, the disease may be transferred passively by T cells into a 
syngeneic recipient, and immunosuppression provides protection 

Although accumulating data provide strong evidence for the 
role of T cells in the pathogenesis of IDDM, very little is known 
about the properties of the lymphocytes that invade the islets. NOD 
mice of both sexes develop insulitis, but overt disease occurs 
mainly in females, and some colonics, like the NOD/Wehi [31, are 
characterized by a very low frequency of diabetes. Moreover, 
various immune manipulations have been reported to arrest the 

Correspondence: Professor Irun R. Cohen, Department of Immunology, 
The Weizmann Institute of Science, 76100 Rehovot, Israel. 



development of IDDM without eliminating the insulitis [4]. To 
investigate whether non-destructive insulitis might contain lym- 
phocytes of lower pathogenicity, we developed an experimental 
system which allowed us to compare the pathogenic properties of 
islet lymphocytes directly. The system was based on the ability of 
islet-infiltrating T cells to transfer diabetes rapidly into NOD.ac/V/ 
mice. These mice have (he NOD genes, but do not have mature T 
and B lymphocytes due to the scitl mutation \ and thus are free of 
IDDM, unless reconstituted with NOD lymphocytes. By injecting 
NOD..vn'</ mice with equal numbers of NOD islet lymphocytes and 
monitoring the development of diabetes, we could show that the 
pathogenicity of insulitis is regulated by a variety of influences. 



MATERIALS AND METHODS 

Animals 

Mice were bred at the Weizmann Institute animal breeding centre. 
NOD/Lt mice were housed in a specific pathogen- free environ- 
ment. Normoglycaemic 2-4-month-old mice of both sexes were 
used as donors of islet and spleen cells. NOD.snV/ mice 2- 
3 months old were used as recipients. 
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Reagents 

Tissue culture media RPMI 1640 and buffered salt solutions 
were obtained from the Weizmann Institute biological services. 
HEPES, fetal calf serum (FCS) and trypsin-EDTA solution were 
purchased from Biological Industries (Beit Haemek, Israel). 
Histopaque 1119, agarose, cyclophosphamide, 3,3'-diaminobenzidine 
(DAB), and 5-bromo-4-ch I oro-3-indolyl phosphate (BCIP) were 
bought from Sigma (St Louis, MO). 2-amino-2-methyl- 1 -propanol 
(AMP) was obtained from Merck (Hohenbrunn, Germany), and 
collagenase P was purchased from Boehringer Mannheim 
(Mannheim, Germany). Streptavidin-alkaline phosphatase was 
obtained from Jackson ImmunoResearch Labs (West Grove, 
PA). 

Matched pairs of rat anti-mouse cytokine MoAbs obtained 
from PharMingen (San Diego, CA) were: BVD4-IDI I (pure) and 
BVD6-24G2 (biotinylated) anti-IL-4, and R4-6A2 (pure) and 
XMG1.2 (biotinylated) anti-interferon-gamma (IFN--y). Anti- 
mouse CD3e, CD4 and CD8a antibodies were monoclonal hamster 
145-2C11. rat GK1.5 and rat 53-6.7, respectively (ATCC, Rock- 
ville, MD). The antibodies were purified from tissue culture 
supernatants by ammonium sulphate and dialysis, and were 
filter-sterilized. Immunostaining for insulin was performed using 
guinea pig anti-insulin and rabbit ami -guinea pig peroxidase- 
labelled antibodies purchased from Zymed Labs (South San 
Francisco, CA). 

Peptide p277 of the human heat shock protein (hsp)60 [6], 
positions 437-460 (VLGGGVALLRVIPALDSLTPANED; with 
valines in place of cysteines at positions 6 and 1 1), and peptide 
MTp278 of Mycobacterium tuberculosis hsp60 molecule [7]. 
positions 430-446 (EGDEATGANTVKVALEA) were prepared 
by Fmoc synthesis and purified by reverse phase high performance 
liquid chromatography (HPLC), as described [81- 

Isolation of islet lymphocytes 

Pancreatic islets were isolated by the intraductal collagenase 
technique [9], and purified by centrifugation on a density gradient 
of Histopaque (1 119-1.100-1.08). Islets were collected from the 
lower interface, pancreatic lymph nodes were removed by hand- 
picking, and the islets were treated with 0-25% trypsin-002% 
EDTA for lOmin at 37°C The resulting single-cell suspension was 
washed, a sample centrifuged on slides, immunostained for insulin 
to confirm the islet origin of the epithelial cells, and the percentage 
of lymphocytes was counted. The islet cells were used either non- 
fractionated, or further processed to separate CD4^ or CD8 + T 
cells using the MiniMACS system (Miltenyi Biotee, Bergisch 
Gladbach, Germany) with magnetic microbeads coupled to the 
respective antibodies, according to the manufacturer's protocol. 
Typically, about 800 islets could be isolated from five prediabetic 
NOD mice at the age of 2-3 months, usually yielding I — I -2 x J 0 6 
lymphocytes. Transfer experiments were hot done unless there 
were sufficient donor cells to accommodate groups of no less than 
five recipient mice. From 609c to 80% of the islet lymphocytes 
were CD4 + T cells, judged by cell count before and after magnetic 
sorting or by immunohistochemieal staining of non- fractionated 
cytospin samples. 

Adoptive transfer oflDDM 

Unless otherwise indicated, a mixed islet cell suspension corre- 
sponding to 2xl0 5 lymphocytes was injected in 0-5 ml PBS 
intraperitoneally into tfOD.scid mice. Since it was technically 
impossible to isolate islets from more than 10 mice at a time, no 



more than 1 0 recipient mice could be injected on the same day (two 
groups of 5). Therefore, the experiments with n > 5 represent data 
pooled from several experiments done on separate days. For co- 
transfer, spleen cells, 6xl0 6 /mouse, were injected intraperiton- 
eally on the same day. For in vivo depletion, recipient mice were 
injected intraperitoneally with anti-CD4 or anti-CD8 antibodies 
at a dose of 200 /xg/mouse, twice a week for 6 weeks. Blood 
glucose was monitored weekly by the 'Companion 2* blood 
glucose analyser (Medi Sense, Waltham, MA) with a working 
range of Il-33mmol//. Mice were considered diabetic if their 
blood glucose exceeded l3-5mmol// (250mg/dl) on two consecu- 
tive determinations. Mean blood glucose values, cumulative inci- 
dence of the disease, and mortality rates were compared to assess 
relative IDDM severity. Mice were followed up to 1 2 weeks or 
until death. 

Cytokine ELISPOT assay 

The gel substrate method [10] was used. Briefly, sterile ELISA 
plates were precoated with anti-CD3 (5 jig/ml) and ant i -cytokine 
capture antibodies (2jig/ml) in PBS at 4°C, overnight. The plates 
were washed and islet or spleen cells were seeded in RPMI 1640- 
10% FCS, and incubated for 18h at 37°C. Then the wells 
were washed with PBS, and biotinylated (detection) antibodies 
(4 fig/ml) were added for 2 h. This was followed by the addition of 
streptavidin-alkaline phosphatase (1:1000) and warm BCIP/AMP 
in 0-6% agarose as a substrate. Blue spots, each representing an 
individual cytokine-secreting cell (spot- forming cell (SFC», were 
counted the next day. The results are expressed as the mean 
SFC ± s.e.m. of duplicate wells per indicated number of lymphoid 
cells. s 

Statistical analysis 

The non-parametric unpaired Mann -Whitney test was used for 
comparison of the differences in mean blood glucose values. The 
frequencies of cytokine SFC were compared by Student's two- 
tailed unpaired /-test. The cumulative incidence of disease and the 
mortality were compared using Fisher's exact test. P<0*05 was 
considered significant. 

RESULTS 

Transfer of islet-associated lymphocytes from NOD mice into 
MHC-matched NOD.scid recipients resulted in the rapid develop- 
ment of insulitis and j3-cell loss (Fig. I) with subsequent IDDM. As 
few as 10* islet lymphocytes were capable of rendering NOD.jc/Y/ 
mice diabetic within 4 weeks. This high efficiency of disease 
transfer made it possible to analyse the T cell populations mediat- 
ing 0-cell destruction. 

islet CD8 + T celts potentiate IDDM transfer by CD4+ cells 
Figure 2a shows that negative selection of the donor population of 
either the CD4 + or the CD8+ T cells only slightly reduced the 
ability of the transferred lymphocytes to cause diabetes in the 
NOD.scid recipients. Although the mean blood glucose was sig- 
nificantly lower in the CD8-depIeted group by week 8 after 
transfer, the cumulative incidence of IDDM (nine of 10) and the 
mortality (one of 10) by week 10 in this group was similar to thai 
observed in the NOD.scid recipients that had been injected with 
non-depleted islet lymphocytes (10 of 10 and four of 10, respec- 
tively; NS). Similarly, depletion of the CD4 + T cells did not result 
in either a lower incidence (eight of 10), or a lower mortality (four 
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Fig.K Immunohistochemical staining for insulin in NOD..«7t/ islets. (A) 
An intact pancreatic islet of the NOD..v< /</ mouse containing numerous 
insulin-positive cells (dark colour) and no mononuclear infiltration. (B) A 
typical destructive insulitis 4 weeks after the transfer of 2x 10* NOD islet 
lymphocytes. Note the disappearance of the insulin-positive cells. (Immii- 
noperoxidase-DAB, haematoxylin countcrstain, x400.) 



of 10); NS. However, further depletion of CD4' T cells by 
antibody treatment in vivo completely abrogated the development 
of IDDM (Fig. 2b), The incidence of TDDM in this group by week 6 
was 0 of five compared with seven of 10 in the control group 
(P- 0 026). By week 12, all the mice in the anti-CD4-lreated 
group were healthy, while in the control group all the mice were 
sick (f> = 0-0003). By week 1 1 , six of 10 mice in the control group 
were dead (/* = 0-044). In contrast, administration of anti-CD8 
antibody did not block the transfer of disease: three of 
five NOD.vc/V/ recipients became diabetic (NS compared with 
non-treated controls). However, the mean blood glucose in this 
group was lower than in the non-treated mice by weeks 6 and 7 
(Fig. 2b) and none of the mice were dead by week 1 1 (0 of five 
compared with six of 10; P = 0-044). These results indicate that 
islet-infiltrating CD4 + and CD8 + T cells are both necessary for 
effective transfer of diabetes, but the CD4 + T cells arc indispens- 
able. The essential role of the CD4 4 T cells was confirmed by 
transfer of pure CD4 + or CD8 + T cells obtained by positive 
selection: the CD4^ fraction was able to cause diabetes (Fig. 2c), 
while the CD8"*" fraction was not. Therefore, CD4+ islet T cells are 
necessary and sufficient for 0-cell destruction. Nevertheless, the 
transfer of IDDM was most effective when both CD4 + and CD8 + 
populations were present. We therefore used non-fractionated islet 
lymphocytes for further experiments. 
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Fig.2. The effect of islet CD4 1 and CD8 + T cells in the adoptive transfer of 
insulin-dependent diabetes mellitus (IDDM). (a) Negative selection of 
CD4 + or CD8* T cells by magnetic sorting. Islet lymphocytes were 
incubated in vitro with MiniMACS anti-CD4 or anti-CD8 beads and 
separated on a magnetic column. Groups of 10 NOD..vW<f mice were 
injected intraperitoneal^ with equal cell numbers, and blood glucose was 
monitored. Data arc shown as the mean ± s.c.m. *f<0 05. Non- 
selected; O, CD4-depleted; A, CD8-depleted. (b) Groups of 5-10 NOD. 
scid mice were injected with CD4- or CD8-depleted islet lymphocytes as in 
(a), and treated in vivo with cither anti-CD4 or anti-CD8 MoAb. *P<0*05 
compared with the non-treated control group. ■. No treatment; CDS/ 
antr-CD8; O, CD4/anti-CD4. (c) Adoptive IDDM transfer with positively 
selected islet CD4 + , CD8 1 . or both CDT plus CD8^ T cells. Tn NOD..n id 
recipients of CD4 + T cells, the mean blood glucose was significantly lower 
than was observed in the recipients of both populations by weeks 4. 5 and 7 
(*P<005). ■, CD4 + and CD8 + ; A. CD4 + ; O, CD8 H . 

€> 1999 Black well Science Lid, Clinical and Experimental Immunology, 115:260-267 



18069302 

Comparative pathogenicity of 'insulin's 



263 



s 

o 
E 
E 

© 

en 
o 

O) 
"D 
O 
O 

CD 



w 

* 

o 
o 

a 
E 

o 
o 
o 
o 

5 

u. 
CO 



o 
E 
E 
a> 

CO 

o 



■a 
o 
o 



35 


- (a) 


30 




25 




20 




15 


- 


10 




5 
0 






2 3 4 

Weeks after transfer 



100 r (b) 




Mates 



Females 



35 r (c> 



30 



25 - 



20 - 



3 15 - 



10 




2 3 4 

Weeks after transfer 



Kig.3. Gender differences in islcl effector and target cells, (a) Islet 
lymphocytes from 3-month-old male or female NOD mice were injected 
into groups of 5- 10 female NOD-vr/V/ recipients and the blood glucose was 
monitored. (*P<0025). ■, Female to female; O, male to female, (b) 
Frequencies of islet T cells capable of secreting IFN-> (■) and IL-4 (□). 
Male or female NOD islet T cells were activated by anti-CD3 MoAb and 
the numbers of cytokine producers counted as spot-forming cells (SFC). 
Male lymphocytes contained less IFN-7 producers than did the female 
lymphocytes (*f > <005). (c) Islet lymphocytes from 3-month-old NOD 
males were injected into female (n = 5) or male (;»=I0) NOD..vW<? 
recipients and blood glucose was monitored (*/ > <0*03). O,. Male to 
female; A, male to male. 



Gender-dependent differences in islet effector and target cells 
To learn whether the lower incidence of spontaneous diabetes in 
NOD males might be due to a qualitative difference in their islet- 
infiltrating lymphocytes, we transferred equal numbers of lympho- 
cytes from male or female NOD islets into female NOD..vr/V/ mice 
and monitored the development of diabetes. Table I shows that the 
male islet lymphocytes were capable of transferring diabetes at an 
incidence similar to that of the female cells. However, the severity 
of the disease induced in females by male cells was significantly 
lower by week 5 (Fig. 3a). Consequently, eight of 10 NOD.fc/W 
recipients that had received female islet lymphocytes were dead by 
week 6, while none of the five recipients of male cells died 
(/> = 0-007). 

Since the recipient mice were females, the anti-H-Y response 
and the influence of male hormones were excluded. We concluded 
that the difference in TDDM severity had to be caused by the 
intrinsic properties of the donor lymphocytes. We therefore 
analysed the frequencies of male and female NOD islet T 
cells capable of secreting the representative Thl and Th2 
cytokines, TFN-7 and IL-4, in response to CD3 cross-linking. 
Figure 3b shows that the frequencies of TFN-7-secreting islet T 
cells in the females were 55% higher than in the males (82-6 ± 6-2 
compared with 53-4 ± 0-2 per I0 4 lymphocytes, respectively; 
P<0*05), while the frequencies of IL-4 producers were 
not different (9-5 ±0-7 and 9-6*1-6 per 10 4 lymphocytes, 
respectively). 

It was conceivable that the higher incidence of IDDM in female 
NOD mice might also result from a greater sensitivity of their 
target j3-cells to autoimmune damage. To test this possibility, we 
transferred male NOD islet cells into NOD..vr/7/ male and female 
mice. Contrary to expectations, the female recipients developed 
less severe hyperglycaemia than did the males (Fig. 3c), with lower 
mortality (0 of five compared with six of 10, respectively, at week 
6 ; p = 0-044), suggesting that the 0-cells of NOD females might 
actually be more resistant to damage than those of males. Thus, the 
difference between females and males in 0-cell killing is more a 
function of the infiltrating effector cells than of the sensitivity of 
the target 0-cells. 

p277 peptide treatment renders islet lymphocytes less pathogenic 
To learn whether the ability of islet -infiltrating lymphocytes to 
destroy /3-celIs could be inhibited by treatment, we used a model 
for protection from IDDM by administration of an hsp60 peptide, 
p277 [6,7]. Control mice were treated with an immunogenic 
peptide of M. tuberculosis hsp60, MTp278. Female NOD mice 
were treated with a single s.c. dose of 100p,g of either peptide in 
Freund's incomplete adjuvant (FIA) at the age of 3 months. Six 
weeks later, the islet lymphocytes were transferred into NOD.scid 
recipients. We found that the donors treated with p277 transferred 
IDDM at a slower rate (only two of eight mice were sick at week 7 
after transfer, compared with eight of 10 in the control peptide; 
/* = 0-023), and with delayed mortality (two of eight mice com- 
pared with nine of 10 mice in the control group at week 11; 
P = 0-01 28). The mean blood glucose levels were significantly 
lower at week 10 post-transfer (Fig. 4a). The decreased pathogeni- 
city of the islet-infiltrating lymphocytes from the p277-lreated 
NOD mice was associated with a lower concentration of IFN-7 
producers, compared with both the PBS- and MTp278-lreated 
donors (Fig. 4b). There were no significant differences in the 
numbers of IL-4 producers between the p277- and MTp278-lreated 
groups. 
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Effects of cyclophosphamide 

Diabetes may be accelerated in NOD mice by the administration of 
cyclophosphamide [11]. In order to test the effect of cyclophos- 
phamide on the pathogenicity of islet lymphocytes, we treated 
NOD males with two doses of 200mg/kg intraperitoneally and, 
3 days after the last injection, isolated the islets for transfer. The 
islet lymphocytes from the cyclophosphamide-! reated mice 
induced a more severe diabetes in the NOD.scid recipients than 
did the lymphocytes from the PBS-treated control mice (Fig. 5a), 
and contained more IFN-7 producers (Fig. 5b). It has been sug- 
gested that cyclophosphamide acts by inhibiting suppressor T cells 
[12]. Tf this is true, treatment of the recipient .NOD..vr/rf mice with 
cyclophosphamide after the transfer of NOD islet lymphocytes 
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Fig. 4. The effect of peptide treatment of NOD female mice on islet T celt 
pathogenicity and cytokine production, (a) Three-month-old NOD donor 
female mice were treated with a single s.c. injeciion of lOOjxg of either 
p277 (O) or MTp278 peptide (■) in Freund's incomplete adjuvant (F?A). 
Six weeks later, the donor islet lymphocytes {1*5 x 10^ cells per mouse) 
were injected into NOD..«7// females, and the development of diabetes 
was monitored. *P<0048; n = 8 for the p277 group; «= 10 for the 
MTp278 group, (b) The effect of p277 treatment on the frequency of 
islet T cells capable of secreting IFN-7. Donor mice were treated as above 
(a), and their islet lymphocytes were analysed by the liLISPOT assay for 
numbers of IFN-7 (■) and FL-4 producers (C) (SFC), that could De- 
activated by anti-CD3. The differences between the IFN-7 SFC of the 
p277-treated group compared with the groups treated with MTp278 or PBS 
were significant (*P<0-05). 



should also exacerbate the disease. However, no acceleration of 
IDDM occurred in the cyclophosphamide-treated group of 
recipients compared with the PBS-treated controls; actually, the 
development of IDDM was markedly inhibited (Fig. 5c). Cyclo- 
phosphamide-treated NOD.Ar/rf recipients developed TDDM at a 
lower incidence (0 of five compared with five of 10 at week 4; 
/* = 0-002), and with a lower mortality rate (0 of five compared 
with seven of 10 at week 7; P = 0 026) compared with PBS-treated 
controls. This suggests that some pathogenic islet lymphocytes 
also may be sensitive to cyclophosphamide. 

Splenocytes inhibit IDDM transfer 

An impressive finding of the adoptive transfer experiments was the 
high incidence of the acquired disease (Table I)» suggesting that 
islet lymphocytes may be more aggressive in the NOD..vr/V/ 
environment than they are in the original NOD donor. The 
slower disease in the intact NOD mice might be due to protection 
provided by peripheral lymphocytes. To test this possibility, we co- 
transferred islet and spleen lymphocytes. Figure 6 shows that 
2x 10* islet lymphocytes rapidly transferred diabetes (nine of 10 
mice were diabetic by week 4 after transfer), while none of the 
recipients of 6x10* NOD spleen cells became hyperglycaemic 
before week 10 (P = 0-002). Consequently, eight of 10 recipients 
of islet lymphocytes were dead by week 8 (P = 0-007). This 
difference could be explained merely by a higher frequency of 
specific effector cells in the insulitis than in the spleen. However, 
when the spleen cells were co-transferred with the islet cells, the 
development of IDDM was significantly inhibited. The incidence 
of IDDM was lower at week 3 (0 of five compared with six of 10 
mice; P = 0 044), and at week 4 (0 of five compared with nine of 10 
mice; P = 0-002). None of the mice transferred with the cell 
mixture died before week 1 1 . Since the islet lymphocytes alone 
were sufficient to destroy the recipient /3-cells, the inhibition 
provided by the addition of the spleen cells suggests that inhibitory 
cells were present in the spleen. 

DISCUSSION 

During the three decades since insulitis was considered the major 
pathomorphological feature of IDDM 1 1 31, accumulating evidence 
indicates that leucocytie infiltration perse does not necessarily 
result in overt diabetes. Thus, destructive insulitis, associated with 
the jff-cell loss, should be distinguished from non-destructive 
insulitis [I4|. Indeed, it is possible to protect NOD mice from 
diabetes by various relatively mild strategies, which do not 



Table 1. Cumulative incidence of insulin-dependent diabetes melliius 
transferred by islet lymphocytes 



NOD donors 


NOD.ac/V/ recipients 


Percent diabetic mice (/?) 


Females 


Females 


100(10) 


Males 


Males 


90(10) 


Females 


Males 


90(10) 


Males 


Females 


80 (5) 



NOD..vaVr mice were injected with 2x I0 5 lymphocytes from the islets 
of 3-month-old normoglycaemic NOD mice. The incidence of diabetes was 
determined in the recipients 6 weeks after transfer. The differences between 
the groups arc not significant (P>0-05). 
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Fig. 5. Effects of cyclophosphamide (CY)on islet Tccll pathogenicity and 
cytokine production, (a) Two- month-old male NOD mice were treated with 
CY (■) or with PBS (O), their islet lymphocytes were transferred into 
groups of 5-10 male NOD.vc/rf mice, and blood glucose was monitored. 
*/ > <O OI5. (b) Islet lymphocytes were isolated from CY-trcated or PBS- 
treatcd normoglycaemic NOD males and analysed for the frequencies of 
1FN-7- (■) and IL-4-secreting T cells (□) by the ELISPOT assay. The 
mean SFC of duplicate wells are shown from one of two similar experi- 
ments. *P<0 05 compared with PBS-trcated controls, (c) Male NOD..«*irf 
mice, five per group, were injected with male NOD islet lymphocytes and 
treated either with CY (■)</! = 5) or PBS (O) (n = 10). The development of 
diabetes was monitored. */*< 0-003. 



eliminate islet-infiltrating lymphocytes, but rather turn the destruc- 
tive insulitis into a non-destructive insulitis [7,15,I6|. However, 
are islet lymphocytes from mice with a low or a high incidence of 
IDDM qualitatively different? 

We addressed this question using an adoptive transfer model, in 
which we injected freshly isolated islet leucocytes of NOD mice 
into NOD..«*rrf recipients. This enabled us to compare the patho- 
genic potential of donor islet lymphocytes without any recruitment 
of recipient lymphocytes that might interact with the donor 
lymphocytes. Since equal numbers of lymphocytes were injected, 
any differences in the development of the transferred IDDM could 
be attributed to qualitative differences between the lymphocytes. 

Our results demonstrate that IDDM transfer is most effective 
when both the CD4 + and CD8 + islet T cells are present, since 
depletion of either subset results in a significantly lower severity of 
disease (Fig. 2b). This observation is in agreement with previous 
reports of passive transfer using NOD spleen cells [1 7,18]. Hence, 
rapid £-celI destruction occurs when CD4 f and CD8 + islet- 
infiltrating T cells can co-operate. After negative selection in 
vitro of either subset, the islet lymphocytes were still able to 
transfer IDDM, However, we could not conclude that the CD4~ 
and CDS" T cells can work independently, because depletion 
might have been incomplete. We therefore depleted the cell 
populations both in vitro and in vivo, and then found that the 
NOD..fr«/ recipient mice treated with the anti-CD4 antibody did 
not develop IDDM during the entire 12-week observation period. 
In contrast, the mice treated with the anti-CD8 antibody did 
become sick, although the disease developed later and was less 
severe than in the non-treated group. Similarly, positively sorted 
CD4 + cells could transfer the disease, while CD8 4 " cells alone 
could not, indicating thai the CD4 + T cells in the lesion are both 
necessary and sufficient. These results are in accord with data 
reported by others using islet-specific T cell clones 119-21), or in 
vitro plus in vivo depletion of splenic CD8 + cells [221, suggesting 
that CD4 + cells alone can destroy islet 0-ce1Is. 

It was reported recently that the initiation of insulitis in NOD 
mice is MHC class l-restricted and therefore CD8 + T cell-depen- 
dent: spleen cells of prediabelic NOD mice could not transfer 
IDDM into jSi-microglobul in-deficient NOD.sr/rf mice [23]. 
Nevertheless, all the NOD donors in our experiments were 
prediabctic, but no absolute requirement for CD8 + cells was 
found, possibly because the lymphocytes were taken from the 
lesion, that is from an established insulitis. Lesional CD4 + T 
cells are already primed, and possibly might enter and destroy 
recipient islets without the aid of CD8 + T cells. However, CD8 + 
islet T cells clearly enhanced the pathogenicity of the CD4 + T 
cells; the disease was more severe when both subsets were 
transferred (Fig. 2c). 

In the NOD mouse, males are more resistant to IDDM 
than females, due to an effect of male sex hormones [24,25]. 
Taking note of this gender dependency, we compared, on the one 
hand, the susceptibility of the target 0-celIs to autoimmune 
destruction and, on the other hand, the ability of the islet 
lymphocytes to cause the disease. We found that male islets 
were actually more susceptible to lymphocyte-mediated autoim- 
mune damage than were female islets (Fig. 3c) — an observation 
that cannot explain why male NOD mice are less prone to the 
disease. However, male islet-infiltrating lymphocytes were less 
aggressive, even in the female recipient environment (Fig. 3a). 
One can conclude that the properties of the effector lymphocytes, 
rather than the susceptibility of the islets, determine the NOD 
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FJg. 6. Inhibition of adoptively transferred insulin-dependent diabetes mel- 
litus (IDDM) by spleen cells. Islet lymphocytes (■) (2x I0 5 ), spleen cells 
(A) (6x 10 6 ), or a mixture of boih (O) from male NOD mice were injected 
intraperitoneal I y into HOD. scid males, and blood glucose levels were 
measured weekly. */><002 compared with the group injected with the 
cell-mixture. 



sex difference. The molecular mechanism responsible for 
the greater sensitivity of the male 0-cells to destruction remains 
to be investigated. 

The lower pathogenicity of male islet lymphocytes was asso- 
ciated with a relatively lower content of IFN-7-secreting T cells 
(Fig. 3b). Similarly, when female NOD mice were protected from 
IDDM by peptide p277 treatment, the ability of their islet lym- 
phocytes to induce diabetes was inhibited (Fig. 4a), and there were 
fewer T cells capable of secreting IFN-7 than in the group treated 
with the control peptide, MTp278 (Fig. 4b). 

In contrast, acceleration of IDDM by cyclophosphamide ren- 
dered the islet lymphocytes more aggressive: the disease pro- 
gressed in the NOD..vc/V/ recipients more rapidly, and the 
numbers of IFN-7 SFC were higher than in the control group 
(Fig.5a t b). Since NOD .$<■«/ mice treated with cyclophosphamide 
without cell transfer did not develop diabetes (data not shown), it is 
unlikely that acceleration of the disease was due to direct toxicity 
of the drug to fj-cells. It has been suggested that cyclophospha- 
mide-induced acceleration of diabetes may be due to a preferential 
depletion of suppressor T cells [J 2). However, cyclophosphamide 
treatment of the recipients significantly inhibited the development 
of IDDM (Fig, 5c), indicating that cyclophosphamide-sensitive 
cells are present in the insulitis, and that these cells are pathogenic. 
One may also speculate that cyclophosphamide-sensitive islet 
lymphocytes can suppress £-cell killing, but may also assist in 
tissue-specific homing and therefore might be necessary for disease 
in our transfer system. 

The major finding of this study is that lymphocytes of the 
insulitis lesion differ in their ability to induce diabetes upon 
passive transfer. Pathogenicity correlated with the relative fre- 
quencies of T cells capable of secreting IFN-7 upon activation. 
JFN-7 has been reported to be involved in 0-ceIl destruction in 



vitro and in vivo [26-28 1, Although IFN-7 knockout NOD mice 
can develop IDDM f29J, this Thl cytokine seems to be used for 
attacking the 0-cells by the immune system of wild-type NOD 
mice. 

Another important finding was inhibition of the adoptive 
IDDM transfer by splenic lymphocytes. The existence of regula- 
tory T cells in the spleen of prediabetic NOD mice has been 
proposed earlier 1 30,31]. This suggests that the periphery may be 
critical in maintaining the insulitis in a non-destructive state. 
Indeed, for successful passive transfer of IDDM using spleen 
cells, the donor mice have to be diabetic and the recipient mice 
have to be immunodeficient (i.e. athymic, irradiated or scid), 
otherwise the regulatory lymphocytes will prevent the acquired 
disease. Similarly, elimination of peripheral T cells by cyclophos- 
phamide results in rapid clinical diabetes. Spontaneously diabetic 
BB rats are tymphopenic |32|. and their reconstitution with 
lymphocytes from diabetes-resistant rats provides protection 
[33 1 . In the BB model of IDDM, protection has been attributed 
to RT6. 1 + T lymphocytes [34 1. The nature of protective cells in the 
NOD mouse spleen is uncertain. We could not detect differences in 
IFN-7/IL-4 ratios between splenic and islet T cells, but a shift 
towards Th2 responses in the spleen may involve other cytokines 
or may be restricted to a relatively small subpopulation of memory 
CD4 + T cells, as has been suggested recently [311. In fact, the 
inhibition of diabetes may be mediated by antigen- specific splenic 
Th2 cells: in p277-treated NOD female mice a strong Th2 response 
to the peptide may be detected in the spleen, as judged by secretion 
of IL-4 and IL-10 [71. Whether these Th2 cells invade the lesion or 
recruit pathogenic cells from the insulitis is not known, but 
appropriate stimulation of the periphery appears to be an attractive 
alternative to immunosuppression [4,35 1. 
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